Silicene, analogous to graphene, is a one-atom-thick two-dimensional crystal of silicon which is expected to share many of the remarkable properties of graphene. The buckled honeycomb structure of silicene, along with its enhanced spin-orbit coupling, endows silicene with considerable advantages over graphene in that the spin-split states in silicene are tunable with external fields. Although the low-energy Dirac cone states lie at the heart of all novel quantum phenomena in a pristine sheet of silicene, the question of whether or not these key states can survive when silicene is grown or supported on a substrate remains hotly debated. Here we report our direct observation of Dirac cones in monolayer silicene grown on a Ag(111) substrate. By performing angle-resolved photoemission measurements on silicene(3×3)/Ag(111), we reveal the presence of six pairs of Dirac cones on the edges of the first Brillouin zone of Ag(111), other than expected six Dirac cones at the K points of the primary silicene(1×1)
Brillouin zone. Our result shows clearly that the unusual Dirac cone structure originates not from the pristine silicene alone but from the combined effect of silicene(3×3) and the Ag(111) substrate. This study identifies the first case of a new type of Dirac Fermion generated through the interaction of two different constituents. Our observation of Dirac cones in silicene/Ag(111) opens a new materials platform for investigating unusual quantum phenomena and novel applications based on two-dimensional silicon systems.
Silicene is theoretically predicted to be stable in the honeycomb lattice and, similar to graphene, it exhibits the characteristic low-energy Dirac cone state [1] [2] [3] [4] [5] . Silicene can thus be expected to share most of the remarkable quantum properties of graphene [6] [7] [8] [9] . Distinct from graphene, however, which is essentially flat dominated by sp 2 bonding, the crystal structure of silicene is buckled with mixed sp 2 /sp 3 bonding [1] [2] [3] [4] . The much stronger spinorbit coupling in silicene [10, 11] leads to a larger energy gap at the Dirac points and makes it possible to realize the quantum spin Hall effect in an experimentally accessible temperature regime [10, 11] . The buckled honeycomb structure drives a number of new phenomena and properties in silicene. In particular, the gap at the Dirac point can be tuned by applying external electric and magnetic fields to realize a variety of different phases and topological phase transitions [12] [13] [14] [15] [16] . The unique advantages of silicene and its compatibility with the traditional silicon industry make it an attractive materials platform for next generation nanoelectronics applications [17] [18] [19] [20] [21] [22] .
Single-layer and multilayer silicenes have been grown on various supporting materials, with the Ag(111) surface being the most common substrate [23] [24] [25] [26] [27] [28] [29] [30] . The buckled structure of silicene naturally leads to the formation of a variety of configurations beyond the primary (1×1) structure under different preparation conditions, such as the (3×3)/Ag(111) and (
• /Ag(111) structures [23] [24] [25] [26] [27] [28] [29] [30] . Although experimental signatures of Dirac fermions have been reported in silicene, these results are highly controversial and inconclusive [24, [31] [32] [33] [34] [35] [36] [37] [38] . Extensive theoretical work indicates that the interaction between silicene and the Ag(111) substrate will destroy the Dirac cones in silicene [38] [39] [40] [41] [42] [43] .
Here we report our direct observation of Dirac cones in monolayer silicene grown on a Ag(111) substrate. By performing in-depth angle-resolved photoemission measurements on silicene(3×3)/Ag(111), we reveal the presence of six pairs of Dirac cones on the edges of the first Brillouin zone of Ag (111), not on the K points of the primary silicene(1×1) Brillouin zone. This result shows clearly that the observed Dirac cones originate not from the pristine silicene film alone but from the combined system of silicene(3×3) and the Ag(111) substrate.
Our study thus identifies the first case of a new type of Dirac Fermion generated through the interaction of two different constituents. Our demonstration that silicene(3×3)/Ag(111)
can harbor Dirac cones provide a new pathway for exploiting two-dimensional silicon system as material platforms for investigating quantum phenomena and potential applications.
The silicene/Ag(111) sample was grown in situ in an ultra-high vacuum chamber connected directly with an angle-resolved photoemission (ARPES) system. The Ag(111) single crystal was first cleaned by many cycles of Argon ion sputtering and annealing at ∼800
K. Quality of the Ag(111) surface was checked by low energy electron diffraction (LEED) and ARPES measurements on the surface state around the Γ point. Band structure of the Ag(111) surface was measured by ARPES for later comparison with supported silicene surface. Silicene was grown by heating a piece of silicon wafer to directly deposit Si atoms on the pre-heated clean Ag(111) surface following the same procedure as described in Ref.
27. The single-layer silicene(3×3)/Ag(111) sample was prepared at the Ag(111) substrate temperature of 470 K. Monolayer silicene(3×3)/Ag(111) was found to cover most of the surface area while other minor phases can be neglected as determined from the LEED patterns. Moreover, such a silicene(3×3) structure can only exist as the first layer on Ag(111); subsequent layers result in the formation of the (
• phase (see Fig. S1 in Sup-plementary Materials). We have repeated the growth process, followed by characterization of the film by LEED and scanning tunneling microscope (STM), many times to make sure that the grown sample has a single-layer silicene(3×3) structure. The ARPES results on silicene(3×3)/Ag(111) presented in this study are highly reproducible. ARPES measurements were carried out in our lab system with a Scienta R4000 electron energy analyzer and a helium discharge lamp which provides a photon energy of 21.218 eV [44] . The base pressure of the ARPES system is better than 5×10 −11 Torr. The angular resolution is ∼0.3 degree and the energy resolution was set at 20 meV for increasing the measurement efficiency. The
Fermi edge of a clean polycrystalline gold specimen connected to the sample was taken as the reference Fermi level. The deposition of potassium on the silicene/Ag(111) surface was realized by depositing potassium in situ for different times while keeping the sample at a low temperature of ∼20 K. Fig. 1c1 ) is seen to consist of a clear electron pocket around the Γ point due to the well-known Shockley surface state [45] , and a large hexagonal Fermi surface sheet along the Ag(111) Brillouin zone edge. As the binding energy increases to 300 meV (Fig. 1c2 ) and 600 meV (Fig. 1c3) , the central surface state disappears while the bulk hexagonal contour keeps its basic shape but shows a slight decrease in area.
The Fermi surface of silicene(3×3)/Ag(111) (Fig. 1d) shows interesting features that clearly set it apart from that of Ag(111) (Fig. 1c) . With monolayer silicene coverage, the signal of the Ag(111) surface state pocket around Γ completely disappears and that of the Ag(111) bulk states is strongly suppressed although the residual signal is still discernable.
These results are consistent with the single-layer growth mode of silicene(3×3) that can fully cover the Ag(111) surface. The Fermi surface topology of silicene(3×3)/Ag(111) exhibits twelve spot structures along the six edges of the Ag(111) first Brillouin zone (Fig. 1d1) .
With increasing binding energy, these spots grow into approximately triangle-shaped pockets ( Fig. 1d2 and 1d3) . At high binding energies, the two pockets on the Ag(111) Brillouin zone edge touch and merge with each other (Fig. 1d3) . Direct comparison of Fig. 1d with that for the Ag(111) surface (Fig. 1c) , as well as the comparison of the measured band structures (see Fig. S2 in Supplementary Materials), indicates unambiguously that the observed Fermi pockets along the Ag(111) Brillouin zone edges must be associated with the silicene(3×3) structure grown on the Ag(111) surface. As we will show below (Figs. 2, 3 and 4) , each strong spot here represents a Dirac cone structure in silicene(3×3)/Ag(111). (Fig. 3c and 3d) . Fig. 3g plots the Fermi velocity of one Dirac cone along different orientations; the values are obtained by fitting the bands near the Fermi level along different momentum cuts (Fig. 2(a-c) and Fig. 3(a-d)) ). It is clear that the Dirac cone in silicene(3×3)/Ag(111) is actually not cone-like in that its cross section at various binding energies is more like a triangle than a circle (Fig. 2 and   Fig. 3g ). The resulting Fermi velocity is quite anisotropic with an approximate three-fold symmetry, varying from 2 to 4 eV·Å (corresponding to 3 to 6×10 5 m/s) (Fig. 3g) . Notably, no Fermi crossing is seen on the measured band in cut E, consistent with the Dirac cone picture of Fig. 2d . The observed bands in cuts B and E are consistent with previous ARPES measurements on silicene(3×3)/Ag(111) [32, 33] although Dirac cones were not identified in these earlier studies. We emphasize that greatly suppressed signal of pure Ag(111) surface in our silicene(3×3)/Ag(111) sample played a crucial role in allowing us to reveal the presence of Dirac cones in our samples.
It is clear that the Dirac points of our silicene(3×3)/Ag(111) sample lie above the Fermi level, and therefore cannot be seen at low temperatures because of the Fermi-Dirac cutoff of the photoemission process. In order to observe the upper Dirac branch and thus the whole Dirac cone, we have employed two different approaches. The first is to warm up the sample to make use of thermal excitation of electrons above the Fermi level ( Fig. 4a-d) . Dividing out the corresponding Fermi-Dirac distribution function makes it possible to observe a portion of the band structure above the Fermi level at high temperature. As seen in Fig. 4d , the Dirac bands are stable up to 450 K. Also the Dirac cone is observable at 450 K which is about 170 meV above the Fermi level (Fig. 4d) . These results indicate that our silicene(3×3)/Ag (111) sample is hole-doped. An alternative way to reveal the Dirac point and the upper Dirac branch is to deposit potassium onto the silicene(3×3)/Ag(111) surface which is expected to provide electron-doping. As seen in Fig. 4 (e-h), with increasing potassium deposition, indeed the Dirac cone shifts downwards as expected. When the potassium doping is high enough (Fig. 4h) , the Dirac cone is shifted to nearly 200 meV below the Fermi level and the upper Dirac bands become visible. In this case, the sample has become electron-doped.
These results further establish the Dirac cone structure in silicene(3×3)/Ag(111) sample and demonstrate the possibility of transforming the sample from being hole-doped to an electron-doped case. (Fig. 1b) , but we do not observe indications of such band folding due to the superstructure.
The preceding observations imply clearly that the six pair Dirac cone structure we have observed in silicene(3×3)/Ag(111) does not exist in either free-standing silicene(3×3) alone or in the Ag(111) surface alone; it must be an effect generated through the interaction between the pristine silicene film and the Ag(111) substrate when the two systems are combined. In particular, the low energy electronic states of silicene(3×3)/Ag(111) come from the hybridization of silicene and Ag(111) sp states with their periodicity being dictated essentially by the Ag(111) lattice. This is consistent with theoretical predictions [38] [39] [40] [41] [42] [43] and experimental measurements [32, 33] which indicate that Ag(111) substrate interacts strongly with silicene and destroys the Dirac cones at K points of free-standing silicene(1×1) [38] [39] [40] [41] [42] [43] .
However, even though the silicene/Ag(111) systems have been extensively investigated [38] [39] [40] [41] [42] [43] , there are no band structure calculations so far, including our own extensive computations (see Fig. S4 in Supplementary Materials), which can explain the unusual six pair Dirac cone structure we have reported here in a silicene(3×3)/Ag(111) sample.
In summary, we have provided direct evidence for the existence of six pairs of Dirac cones in the monolayer silicene(3×3)/Ag(111) system. We have demonstrated that this unusual Dirac-cone structure only comes into existence when the silicene film is grown on the Ag(111) substrate. Our study thus identifies a new type of Dirac cone structure which is obtained through the interaction of silicene with the substrate to generate a novel state that is distinct from that of their individual constituents. The observed six-pair Dirac cone structure in silicene/Ag(111) system cannot be understood in terms of existing band structure calculations, and we hope that our study will stimulate further related theoretical work. Our observation of a novel Dirac cone structure in silicene(3×3)/Ag(111), and the possibility of hole or electron doping of these Dirac cones, open a new materials pathway for fundamental science investigations and applications based on two-dimensional silicon systems.
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